The receptor for activated C kinase 1 (RACK1) is one member of the most important WD repeat-containing family of proteins found in all eukaryotes and is involved in multiple signaling pathways. However, compared with the progress in the area of mammalian RACK1, our understanding of the functions and molecular mechanisms of RACK1 in the regulation of plant growth and development is still in its infancy. In the present study, we investigated the roles of rice RACK1A gene (OsRACK1A) in controlling seed germination and its molecular mechanisms by generating a series of transgenic rice lines, of which OsRACK1A was either over-expressed or under-expressed. Our results showed that OsRACK1A positively regulated seed germination and negatively regulated the responses of seed germination to both exogenous ABA and H 2 O 2 . Inhibition of ABA biosynthesis had no enhancing effect on germination, whereas inhibition of ABA catabolism significantly suppressed germination. ABA inhibition on seed germination was almost fully recovered by exogenous H 2 O 2 treatment. Quantitative analyses showed that endogenous ABA levels were significantly higher and H 2 O 2 levels significantly lower in OsRACK1A-down regulated transgenic lines as compared with those in wildtype or OsRACK1A-up regulated lines. Quantitative real-time PCR analyses showed that the transcript levels of OsRbohs and amylase genes, RAmy1A and RAmy3D, were significantly lower in OsRACK1A-down regulated transgenic lines. It is concluded that OsRACK1A positively regulates seed germination by controlling endogenous levels of ABA and H 2 O 2 and their interaction. This is an open-access article distributed under the terms of the Creative Commons Public Domain declaration which stipulates that, once placed in the public domain, this work may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for any lawful purpose.
Introduction
Seed germination is a complex processes that is under combinatorial control by endogenous and environmental cues. Because seed germination is a critical stage in the plant life cycle and is the first step towards successful plant establishment, it is of importance to unravel the physiological and molecular mechanisms underlying seed germination control in order to genetically manipulate it. A large number of studies have been conducted to explore seed germination mechanisms over the past several decades [1] - [4] . While there is much information with respect to changes in cellular events and molecular processes during germination, neither the key event(s) nor the regulatory network has been identified that results in its completion [5] . Recently, transcriptomic, proteomic and metabolomic analyses have proved that transcriptional, translational and post-translational modification in Arabidopsis seeds are more complex and dynamic than previously thought [6] - [9] , [3] , [10] , [11] . Bassel et al. [7] , using publicly available gene expression data from Arabidopsis thaliana, generated a condition-dependent network model of global transcriptional interactions associated with seed dormancy or germination and identified 1,583 transcripts were associated with germination. He et al. [3] analyzed the protein profiling in the germinating rice seeds through 1-DE via LC MS/MS proteomic shotgun strategy and identified that a total of 673 proteins were involved in seed germination. These proteins could be divided into 14 functional groups and the largest group was metabolismrelated. Others included many regulatory proteins which control cellular redox homeostasis and gene expression of the germinating seeds.
In addition to the intensive changes both in gene expression and in metabolic activities during seed germination, the levels of plant hormones and many signaling molecules, such as reactive oxygen species (ROS), NO, etc, also changed drastically during seed development and seed imbibition in response to developmental and environmental cues [2] , [12] - [14] . Abscisic acid (ABA) and gibberellins (GAs) were considered as two major hormones controlling seed dormancy and germination [15] , [16] . ABA promotes the induction and maintenance of seed dormancy whereas GA is required for the initiation and completion of germination. It is thought that germination is regulated by the antagonistic effects between ABA and GA. However, the regulation of ABA and GA on seed germination was much more complex than it was thought. For example, Okamoto et al. [17] found that, although application of exogenous ABA inhibited germination, the effects of exogenous ABA on ABA-mediated gene transcription differ from those of endogenous ABA. The effects of exogenous ABA were prominent in the expression of several ABArelated genes at a later stage of imbibition, whereas the endogenous ABA affected the expression of critical components, e.g. ABA signaling, photosynthesis, physiological and metabolic genes including a GA biosynthesis enzyme.
Although ROS are long considered hazardous molecules, their functions as cell signaling compounds are now well established and widely studied in plants [4] , [18] . Great fluctuations of ROS levels occur continuously during seed development and germination. Growing evidence have shown that ROS may function as messengers or transmitters of environmental cues during seed germination and positively control seed germination [4] , [19] - [24] . Little is currently known, however, about ROS biochemistry or their functions or the signaling pathways during these processes.
The receptor for activated C kinase 1 (RACK1) is one member of the most important tryptophan, aspartic acid repeat (WD repeat)-containing family of proteins found in all eukaryotes [25] - [27] . As a scaffolding protein, RACK1 is involved in multiple signaling pathways [27] - [30] . The first plant RACK1 was originally identified as an auxin inducible gene, arcA, in tobacco BY-2 suspension cells in a differential screen for genes involved in auxinmediated cell division [31] , [32] , and thereafter, RACK1 gene was isolated from a range of plant species, including Arabidopsis thaliana, Oryza sativa, and found to be expressed ubiquitously in different tissues and organs, including leaf, stem, root, and flower, etc., which implies that RACK1 may play important roles in plant growth and development [28] , [33] , [34] . The Arabidopsis genome contains three RACK1 orthologues, At1g18080, At1g48630, and At3g18130, designated as RACK1A, RACK1B, and RACK1C, respectively. These three Arabidopsis proteins are approximately 65% identical and 78% similar to mammalian RACK1 [28] . Chen et al. [28] provided direct genetic evidence of the function of RACK1 in plant responses to several plant hormones using the loss-of-function mutants of RACK1 in Arabidopsis. They found that rack1a mutants displayed altered sensitivities to several plant hormones, including hyposensitivity to gibberellic acid and brassinosteroid in seed germination, hyposensitivity to auxin in adventitious and lateral root formation, and hypersensitivity to ABA in seed germination and early seedling development [28] . The ABA-responsive marker genes, RD29B and RAB18, were upregulated in rack1a mutants and the expression of all three RACK1 genes themselves was down-regulated by ABA [35] . Islas-Flores et al., using an RNAi approach to suppress the RACK1 gene expression in P. vulgaris (PvRACK1), and found that mRNA accumulation of PvRACK1 in roots was induced by auxins, ABA, cytokinin, and gibberellic acid [36] , [37] . Our studies on the functions of Arabidopsis and rice RACK1 in the responses to drought stress showed that, when RACK1 gene expression was suppressed, leaf ABA level significantly increased, as a result, the tolerance of seedlings to soil drying increased [38] . Growing evidence has shown that RACK1 is critical regulators of plant development and loss-of-function mutations in RACK1A confer defects in multiple developmental processes including seed germination, leaf production, and flowering [28] . The BLASTP search using Arabidopsis RACK1A protein (NCBI accession number: NP_173248) as a template revealed that, in rice genome, there are two RACK1 homologous genes, OsRACK1A and OsRACK1B, which are approximately 80% similar to Arabidopsis RACK1 proteins at the amino acid level. Nevertheless, at present, we know little about whether RACK1 is involved in and how it regulates seed germination, especially in rice. Gene expression profile analysis indicated that OsRACK1A gene was highly expressed whereas OsRACK1B was lowly expressed in rice seeds ( Figure S1 ). In this experiment, we firstly generated a series of transgenic rice lines, of which OsRACK1A gene was either overexpressed or under-expressed, and explored the roles of OsRACK1 in regulating seed germination. Analysis of these transgenic lines revealed that OsRACK1A positively regulates seed germination through enhancing ABA catabolism and promoting H 2 O 2 production.
Materials and Methods

Plant Materials
Rice (Oryza sativa L. cv. Nipponbare) was used as the wildtype (non-transgenic line, NTL) and in the generation of all transgenic plants. All transgenic rice lines were generated and kept in our laboratory. OsRACK1A over-expression transgenic lines, OeTL3-8 and OeTL4-9, anti-sense transgenic line, AsTL7-6 and RNAinterfered transgenic lines, RiTL3-1, RiTL4-2 and RiTL7-3 were used as experimental materials in this study [38] .
Plant Growth Conditions, Seed Germination Assay and Stress Treatments
Seeds collected from the rice plants of wildtype and the 6 th generation of transgenic lines were used in this experiment. Fullyfilled and uniformed rice seeds were washed with 70% (v/v) ethanol for 30 seconds, and washed three times with sterile water. Sterilized seeds were subsequently sown on sterile filter papers in the petri dishes (size:150 mm diameter) which contained different concentrations of ABA (0,40 mM), NaCl (0,200 mM), Glucose (0,3%) (w/v), and 20 mM fluridone, 100 mM diniconazole, or 20 mM H 2 O 2 (Sigma). Stock solution of ABA (mixed isomers, Sigma), fluridone (Sigma) and diniconazole (Sigma) were dissolved in ethanol. Control petri dishes contained equal amount of sterilized water. Seeds were germinated in a growth chamber with 12 h light and 12 h dark at 28uC. Germination (based on radicals .2 mm) was recorded at the indicated time points. For each germination test, fifty seeds per genotype were used, and three experimental replications were performed. The average germination percentage 6 SE (standard error) of triplicate experiments was calculated. Seeds imbibed for different time in the presence of water or ABA were collected and stored at 280uC for ABA and H 2 O 2 determination, gene expression analysis and enzyme activity analysis.
For gene expression analysis of different organs, well-uniformed rice seedlings were transplanted into ceramic pots (size: 60 cm in height and 30 cm in diameter) and grew under natural conditions. Different organs were sampled at the rapid grain-filing stage (about 10 days after flowering) and stored at 280uC pending assay.
Gene Expression Analysis
Total RNA (from dry or imbibed seeds at indicated times or different plant organs) was extracted by using the RNeasy plant mini kit (Qiagen). DNase I-treated total RNA (2 mg) was denatured and subjected to reverse transcription using RevertAid TM first strand cDNA synthesis kit (100 units per reaction; Thermo Scientific). Transcript levels of each gene were measured by qRT-PCR using 7500 Real-Time PCR Systems (ABI) with iTaq TM Universal SYBRH Green Supermix (Bio-Rad). Gene expression was quantified at the logarithmic phase using the expression of the housekeeping OsActin7 (LOC_Os11g06390) as an internal control. Three biological replicates were performed for each experiment. Primer sequences for qRT-PCR are shown in Table S1 .
Protein Blot Analysis
Rice seeds or leaves were homogenized in TEDM buffer (20 mM Tris/HCl, pH 7.5, 1 mM DTT, 5 mM EDTA, and 10 mM MgCl2) containing complete protease inhibitor cocktail (Roche). The homogenate was centrifuged at 6,000 g for 30 min at 4uC to remove cellular debris, and the supernatant was clarified by centrifugation at 5,000 g for 90 min at 4uC. The soluble proteins were separated by SDS-PAGE on a 10% gel and blotted onto Hybond-P membrane (Amersham Pharmacia Biotech). HSP82, OsPIP and eEF1a were used as loading control. The antibodies used in this experiment were bought from Beijing Protein Innovation (BPI).
Fluorescent Localization of OsRACK1A
To determine the intracellular localization of OsRACK1A, OsRACK1A was cloned into pXZP008 vector to produce an OsRACK1A-GFP fusion construct driven by the maize ubiquitin promoter (Ubi::OsRACK1A:GFP). Rice protoplasts prepared from shoots were transformed with Ubi::OsRACK1A:GFP by polyethylene glycol treatment. The florescence signal was observed with an Inverted Microscope (Axio Observer A1, Zeiss) at 16 h after transformation.
Quantitative Analyses of the Endogenous Levels of ABA and H 2 O 2
Measurement of endogenous ABA levels of imbibed seeds was carried out based on the procedures described by . Briefly, 30 grains of imbibed rice seeds were homogenized in 1 ml of distilled water and then shaken at 4uC overnight. The homogenates were centrifuged at 12,000 g for 10 min at 4uC and the supernatant were used directly for ABA assay. ABA analysis was carried out using the radioimmumoassay (RIA) method as described by Quarrie et al. [39] . The 450 ml reaction mixture contained 200 ml of phosphate buffer (pH 6.0), 100 ml of diluted antibody (Mac 252, Abcam) solution, 100 ml of [ 3 H]ABA (about 8,000 c.p.m.) (Sigma) solution and 50 ml of crude extract. The mixture was then incubated at 4uC for 90 min and the bound radioactivity was measured in 50% saturated (NH 4 ) 2 SO 4 -precipitated pellets with a liquid scintillation counter (LS6500, Beckman) For measurement of endogenous H 2 O 2 levels of imbibed seeds, 20 grains of seeds were homogenized in 500 ml phosphate buffer (20 mM K 2 HPO 4 , pH 6.5). After centrifugation, 50 ml of the supernatant was incubated with 0.2 U ml 21 horseradish peroxidase and 100 mM Amplex Red reagent (10-acetyl-3,7-dihydrophenoxazine) at room temperature for 30 min in darkness. The fluorescence was quantified using Epoch TM Microplate Reader (BioTek) (excitation at 560 nm and emission at 590 nm).
Enzyme Activity Assay
Frozen seeds (20 grains) were homogenized on ice with 1.5 ml of 100 mM potassium phosphate buffer with protease inhibitor [1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X 100, 7 mM b-mercaptoethanol, 100 mM NaF, 1 mM NaVO 3 , 1 mM Na 3 VO 4 , 10 mM Na 4 P 2 O 7 , 10 mM N-ethylmaleimide]. The homogenate was then centrifuged at 12,000 g for 10 min at 4 uC. A 100 ml aliquot of supernatant was taken into the assay buffer containing 50 mM Na-acetate, pH 5.2, 10 mM CaCl 2 , 2% boiled soluble potato starch, and incubated at 37 uC for 1 h. Then 100 ml of assay mixture was taken and mixed with 100 ml of reaction termination buffer (0.1 N NaOH) and 100 ml of 3,5-dinitrosalicylic acid (DNS) solution (40 mM DNS, 400 mM NaOH, 1 M K-Na tartrate) for 5 min at 100uC. After dilution with 700 ml of distilled water, the absorbance at 540 nm (A 540 ) was measured, and the reducing power was evaluated with a standard curve obtained with glucose (0-20 mmol). One enzymatic unit is defined as the amount of enzyme releasing 1 mmol of glucose in 1 min.
Statistical Analyses
Data were subjected to analysis of variance and psot-hoc comparisons (Duncan's multiple range test; P,0.05 significance level). We used SPPSS versions 13.0 software. Values presented are means 6 SD of three replicates and significant difference is labeled as ''*'' in Figures.
Results
OsRACK1A Expression and Intracellular Localization
In rice, there are two RACK1 homologs, designated as OsRACK1A and OsRACK1B, which are approximately 80% similar to Arabidopsis RACK1 proteins at the amino acid level [26] . OsRACK1A and OsRACK1B share over 82.8% identity and 89.3% similarity at the amino acid level when aligned with Blast 2 Sequences [40] . Gene expression profile analysis indicated that OsRACK1A gene was highly expressed whereas OsRACK1B was lowly expressed and hardly detected in rice seeds during germination ( Figure S1 ). Therefore, to explore the functions of OsRACK1 in seed germination and seedling growth, we firstly generated a series of transgenic rice lines, of which the expression of OsRACK1A gene was either down-regulated using the RNAinterference or anti-sense techniques, or up-regulated using the Ubi-promoter [38] . The homozygous transgenic lines of the 6 th generation were used in this experiment. Figure 1 showed the OsRACK1A expression in imbibed seeds of the selected transgenic lines. As compared with that of wildtype (non-transgenic line, NTL), the transcript levels of OsRACK1A were 30,50% higher in the over-expressed transgenic lines (OeTLs) and 50,70% lower in RNA-interfered transgenic lines (RiTLs) or anti-sense transgenic lines (AsTLs) measured by quantitative RT-PCR ( Figure 1A ). Consistent with these results, western blot analysis using the OsRACK1A-specific antibody indicated that RACK1A protein was up-regulated in OeTLs and down-regulated in RiTLs ( Figure 1B) . Meanwhile, the transcript levels of OsRACK1B in RiTLs or AsTLs were also obviously lower than those in NTL or OeTLs ( Figure S2 ).
The intracellular localization of OsRACK1A was also investigated using immunoblotting analysis and fluorescence microscopy. Rice protoplasts were transfected with a vector containing Ubi::OsRACK1A-GFP or Ubi::GFP. Fluorescence microscopic examination revealed that the GFP fluorescence was detected in the cytosol fraction as well as in the plasma membrane and in the nuclei (Figure 2A ). To confirm the intracellular localization of OsRACK1A, we further prepared the soluble and insoluble fractions of the cells by differential centrifugation and incubated them with polyclonal antibodies against OsRACK1A. As shown in Figure 2B , heavy protein bands were detected in all fractions by western blot analysis. These results suggested that OsRACK1A was a soluble protein and may anchor in the plasma membrane by means of interacting with other molecules.
Seed Germination and Its Responses to ABA and H 2 O 2 in Different Transgenic Rice Lines
Quantitative RT-PCR (qRT-PCR) analysis of OsRACK1A expression patterns across various tissues and organs indicated that the highest level of OsRACK1A transcript was in seeds ( Figure  S1 ). Therefore, we wanted to examine whether OsRACK1A regulates seed germination. It is well known that seed germination is a multi-stage process and involves in complicated regulatory networks. To assess the roles of OsRACK1 in controlling germination of rice, seeds of different transgenic rice lines were imbibed under standard germination conditions and germination kinetics was measured. Seed germination started after 36 h imbibition and then the germination rate was increased rapidly for NTLs. A significant delay in germination and a slowly increase in germination rate were observed for seeds of RiTLs ( Figure 3A) . ABA treatment delayed seed germination of all rice genotypes tested. However, germination of RiTLs or AsTLs was more sensitive to exogenous ABA treatment than those of NTLs and OeTLs ( Figure 3B ). These results suggested that OsRACK1A positively regulates seed germination in rice, as is the case in Arabidopsis reported earlier [28] , and OsRACK1A may involve in ABA-mediated signaling during seed germination. In order to further explore the roles of endogenous ABA in controlling seed germination, fluridone, an inhibitor of ABA biosynthesis, and diniconazole, a potent competitive inhibitor of ABA catabolism, were applied and seed germination kinetics were measured. As shown in Figures 3C-E, fluridone treatment had no obvious effects on germination of all genotypes, as compared with the control treatment ( Figure 3A) . A similar result was also observed when comparison of germination was made between the combined treatment of fluridone with exogenous ABA and ABA treatment alone. However, diniconazole treatment significantly delayed seed germination of all genotypes, especially at the earlier stage of seed germination, i.e. within 48 h of imbibition. More severe delay of germination was observed in RiTLs and AsTLs lines ( Figure 3E ). We also observed that hypersensitivity of AsTLs and RiTLs to ABA inhibition of germination was ABA dosage-dependent ( Figure S3 ). Taken together, these results indicated that the suppression of ABA catabolism rather than an enhancement of ABA biosynthesis may be the major factor for the delay of germination and OsRACK1A may exert its effect by controlling ABA metabolism.
It is well known that ABA treatment as well as adverse environmental factors induces production of H 2 O 2 that may also involve in the regulation of seed germination [23] . However, it is largely unclear about the molecular mechanisms of H 2 O 2 regulation on seed germination. In the present study, we assessed the effects of exogenous H 2 O 2 treatment on seed germination of different transgenic rice lines. The result showed that exogenous H 2 O 2 treatment significantly stimulated seed germination of all genotypes and after 48 h of imbibition, the germination rate reached approximately 80% for NTL and OeTLs and 45% for RiTLs and AsTLs ( Figure 3F) , as compared to about 40% of germination for NTL and OeTLs and 15% for RiTLs and AsTLs, and RiTLs and AsTLs were more sensitive to H 2 O 2 promotion of seed germination. These results implied that H 2 O 2 may also involve in the regulation of OsRACK1A on seed germination.
ABA and H 2 O 2 Interaction on Seed Germination of Different Transgenic Rice Lines
As described above, ABA had an inhibitory whereas H 2 O 2 had a stimulated effect on seed germination. A lot of results have been shown that that ABA interacts with H 2 O 2 in many processes, such as stomotal movement [41] . However, it is it is unclear how ABA interacts with H 2 O 2 to regulate seed germination and what are their roles in OsRACK1A-mediating seed germination. Here we compared germination of different OsRACK1A transgenic rice lines when seeds were treated with ABA or H 2 O 2 alone or both. As shown in Figure 4 , ABA significantly suppressed and H 2 O 2 stimulated seed germination. However, ABA inhibition on seed germination was either almost fully removed for NTL and OeTLs or significantly alleviated for RiTLs and AsTLs by H 2 O 2 ( Figure 4 ).
We further analyzed the H 2 O 2 levels in different transgenic rice lines and the effects of ABA on H 2 O 2 production in imbibed seeds. Great differences in H 2 O 2 levels were detected in imbibed seeds of various transgenic rice lines ( Figure 5A ). As compared to NTL, the H 2 O 2 level of OeTL was significantly higher and those of AsTL and RiTL were significantly lower, which may partially explain the difference in germination patterns among different transgenic rice lines. ABA treatment significantly inhibited the H 2 O 2 production in germinating seeds, and this inhibition was ABA dosage-dependent ( Figure 5B ). NADPH oxidases have been proposed to be involved in ROS production during seed germination [42] . In rice genome, nine NADPH oxidases genes have been reported [43] . Our preliminary analysis has shown that only three genes, OsRboh2, OsRboh5 and OsRobh9, expressed in imbibed seeds of rice. In order to clarify whether the expression of these genes is responsible for ROS (mainly H 2 O 2 ) production and to explain the differences among various genotypes used in this experiment, the transcript levels of these three genes were determined in imbibed rice seeds using qRT-PCR. As shown in Figure 6 , the transcripts of all these three genes could be detected in all genotypes examined. However, the transcript levels of all three genes were substantially higher in the imbibed seeds of OeTLs and significantly lower in those of AsTLs and RiTLs, as compared with those of NTL (Figure 6 ), which was consistent with the trends of endogenous H 2 O 2 levels in these transgenic lines ( Figure 5A ). These results indicated that OsRbohs are responsible for the production of H 2 O 2 in imbibed seeds and thus the seed germination. levels of imbibed seeds, twenty seeds were homogenized in 500 ml phosphate buffer (20 mM K 2 HPO 4 , pH 6.5). After centrifugation, 50 ml of the supernatant was incubated with 0.2 U ml 21 horseradish peroxidase and 100 mM Amplex Red reagent (10-acetyl-3,7-dihydrophenoxazine) at room temperature for 30 min in darkness. The fluorescence was quantified using EpochTM Microplate Reader (BioTek) (excitation at 560 nm and emission at 590 nm). Data shown are means of three biological replications6SE. Asterisks (*) indicate significant difference (P,0.05) between the relative levels of transgenic lines compared with the wildtype (A) or 0 mM ABA (B). doi:10.1371/journal.pone.0097120.g005 ABA is one of key hormones regulating seed germination. Our results had shown that OsRACK1A positively regulate seed germination. In order to investigate whether OsRACK1 affects endogenous ABA levels, we analyzed the endogenous ABA levels in germinating seeds of different OsRACK1A transgenic lines. Seeds of different transgenic rice lines were imbibed for different times and ABA levels were detected by radioimmumoassay (RIA) method as described by Quarrie et al. [39] . As shown in Figure 7 , significant decreases in endogenous ABA levels were observed with imbibition time proceeded and there were significant differences in ABA levels among different transgenic rice lines. ABA levels in imbibed seeds of AsTLs and RiTLs were significantly higher than those of NTL and OeTLs, which may, at least in part, explain the slow initiation and delay of seed germination of AsTLs and RiTLs.
Changes of Amylase Activity and Amylase Gene Expression in Imbibed Seeds of Different Transgenic Rice Lines
Seed germination is a complex physiological and biochemical process and involves the degradation of stored compounds and resynthesis of new compounds necessary for cell growth and development. Because in mature rice seeds, about 80% of stored carbohydrate is starch, starch degradation is necessary for germination and early growth and development of seedling by providing both energy and carbon cytoskeleton. Amylase is a key enzyme catalyzing starch degradation of germinating seeds. Therefore, understanding the molecular mechanism of amylase in controlling seed germination is of predominant importance in agronomic practice. In rice genome, there are 12 genes putatively encoding alpha-amylases, but only two of them have been identified in rice seeds, RAmy1A and RAmy3D (unpublished). In the present study, seeds of different OsRACK1A transgenic lines imbibed for 24 hours were sampled to analyze the amylase activity and the expression of its encoding genes. A great differences were detected in amylase activity among different transgenic rice lines and the amylase activity of AsTLs and RiTLs was only 15,30% of that NTL and OeTLs ( Figure 8A) . Among two amylase genes expressed in seeds, the transcript level of RAmy1A was about two times higher than that of RAmy3D. Furthermore, compared to those in the NTL, the expression of both RAmy1A and RAmy3D was much lower in AsTLs and RiTLs and much higher in OeTLs ( Figure 8B ). ABA had significant inhibitory effects on the expression of both RAmy1A and RAmy3D (Figure 8C and D) . Taken together, these results suggested that OsRACK1A positively regulates germination through up-regulating amylase activity and the expression of RAmy1A and RAmy3D in rice seeds.
Discussion
RACK1 is a strongly conserved and scaffolding protein and expresses ubiquitously. It is well recognized that RACK1 is involved in multiple signaling pathways, including growth and development and responses to external environmental cues [28] , [34] . However, as compared with the progresses in the field of mammalian RACK1, our understanding of the functions and molecular mechanisms of plant RACK1 is still in its infancy. We and several other research teams have studied the roles of RACK1 in plant growth and development and in the responses to environmental cues and found that RACK1 is involved in regulating cell proliferation and elongation, inoculation and the responses to plant hormones and environmental factors [28] , [35] , [37] , [44] , [45] . In rice genome, there are two RACK1 homologous genes, OsRACK1A and OsRACK1B. Nakashima et al. [34] reported that RACK1A functions in rice innate immunity by interacting with multiple proteins in the Rac1 immune complex. Our study has shown that, although OsRACK1A and Os-RACK1B are high similarity each other, the expression patterns are obviously different and OsRACK1B transcript levels are always significantly lower than those of OsRACK1A, especially in roots and mature seeds ( Figure S1 ). The highest OsRACK1A transcript level and the lowest OsRACK1B transcript level are founded in mature seeds. These results imply that OsRACK1A is a major gene which may play an important role in controlling seed development and germination. In present study, by generating several transgenic rice lines, of which OsRACK1A was either down-regulated or upregulated, and analyzing the roles of OsRACK1A in seed germination and its possible mechanisms, we show that OsRACK1A positively regulates seed germination through its enhancement of ABA catabolism and stimulation of H 2 O 2 production, and that ABA interacts with H 2 O 2 on the regulation of seed germination. As compared with that of wildtype rice (NTL) seeds, when OsRACK1A is down-regulated, seed germination is significantly delayed, and over-expression of OsRACK1A has, although not obvious, a stimulating effect on germination. This case is very similar to that in Arabidopsis seed germination [28] . However, we currently know little about how RACK1 regulates the seed germination. In other words, what are the component(s) in RACK1-mediated signaling during germination? Because ABA is well-known to involve in maintenance of seed dormancy and inhibition of seed germination, it is reasonable to assume that the inhibition of germination as a result of OsRACK1A downregulation may be related to ABA. This assumption is verified in this study. We show that, although exogenous ABA treatment inhibits germination of all genotypes used, this inhibition of germination of OsRACK1A down-regulated transgenic rice seeds is much more sensitive to ABA than those of non-transgenic line and of OsRACK1A over-expressed transgenic lines (Figures 3, S3) . This phenomenon suggests that OsRACK1A is a negative regulator of ABA response in seed germination of rice, which is very similar to Figure 7 . Comparison of endogenous ABA contents in imbibed seeds of different transgenic lines. ABA analysis was carried out using the radioimmumoassay (RIA) method. Thirty imbibed rice seeds were homogenized in 1 ml of distilled water and then shaken at 4uC overnight. The homogenates were centrifuged at 12,000 g for 10 min at 4uC and the supernatant were used directly for ABA assay. Values shown are means of three biological replications6SE. Asterisks (*) indicate significant difference (P,0.05) between the endogenous ABA contents of transgenic lines compared with the wildtype. doi:10.1371/journal.pone.0097120.g007
OsRACK1, ABA, H 2 O 2 and Rice Seed Germination PLOS ONE | www.plosone.orgour previous results that RACK1 negatively regulates the responses of seed germination, cotyledon greening and root growth to ABA treatment in Arabidopsis [35] . Furthermore, analysis on the endogenous ABA levels in dry and imbibed seeds shows that the endogenous ABA levels of both dry and imbibed seeds of OsRACK1A down-regulated transgenic rice lines are significantly higher than those in seeds of wildtype and OsRACK1A overexpressed transgenic lines (Figure 7) . These results may explain well why the seed germination of OsRACK1A down-regulated transgenic rice lines is delayed under the same conditions.
In Arabidopsis thaliana, up-regulation of ABA biosynthesis is suggested as one of the possible mechanisms mediating the glucose-induced delay in seed germination, because the expression of ABA biosynthesis-related genes, such as ABA2 and NCED3 increases in responding to glucose signaling [46] , [47] . However, our results show that higher endogenous ABA levels and the delay of seed germination of OsRACK1A down-regulated transgenic rice lines are not due to an enhancement of ABA biosynthesis because treatment with fluridone, a potent inhibitor of ABA biosynthesis, produces no obvious signs of enhancement of the germination rate. However, treatment with ABA catabolic inhibitor, diniconazole, dramatically decreased the seed germination rate, as compared with those of control (water) treatment (Figure 3) . These results suggest that higher endogenous ABA levels of seeds of OsRACK1A down-regulated transgenic rice lines are mainly due to the decrease of ABA catabolism, and thus result in a delay of seed germination. A similar situation was also observed in rice using another experimental system, where, Zhu et al. [2] found that glucose-induced delay of seed germination is a result of the suppression of ABA catabolism rather than any enhancement of ABA biosynthesis during rice seed germination. However, at present, we still know little about the molecular mechanisms of OsRACK1A regulation on ABA metabolism during seed germination and it deserves to study further.
ROS change dramatically during seed development and germination, implying that ROS play roles in seed dormancy alleviation, after-ripening, and germination [22] , [48] . Although ROS are long considered as hazardous molecules, many recent studies have provided physiological and genetic evidence that ROS may also function as messengers or transmitters of Figure 8 . Comparisons of total amylase activity and of expression of two key amylase genes, RAmy1A and RAmy3D, in imbibed seeds of different transgenic lines and the effects of ABA. A, For amylase activity assay, frozen seeds (20 grains) were homogenized on ice and 100 ml aliquot of supernatant was taken into the assay after centrifugation. The reaction product was monitored using 3,5-dinitrosalicylic acid (DNS) method. B, C and D, Expressions of RAmy1A and RAmy3 were monitored in seeds of NTL, OeTL, AsTL and RiTL, respectively after 48h of imbibition in water or in ABA (20 mM). Relative expression levels were measured by qRT-PCR and normalized with respect to OsActin7 (LOC_Os11g06390). Results shown are means of three biological replications6SE. Asterisks (*) indicate significant difference (P,0.05) between the levels of expression of transgenic lines compared with the NTL. doi:10.1371/journal.pone.0097120.g008 environmental cues during seed germination. There are many reports indicated that seed germination and ROS accumulation appear to be linked, and that seed germination success may be closely associated with internal ROS contents and the activities of ROS-scavenging systems in species such as Arabidopsis thaliana [21] , [49] , sunflower [22] , wheat [50] , cress [51] and barley [12] , soybean [20] , rice [24] . Our results present here suggest that OsRACK1A may also regulate seed germination by mediating ROS production in imbibed seeds. This finding is supported by several lines of evidence. Externally supplied ROS in the form of H 2 O 2 stimulates seed germination of all genotypes used and again the germination of OsRACK1A down-regulated transgenic rice lines is more sensitive to H 2 O 2 (Figure 3) , which is consistent with the cases in several other plant species [20] , [21] , [52] . Furthermore, comparison of the seed germination rate and the endogenous H 2 O 2 levels in imbibed seeds among different rice genotypes, a lower germination rate is paralleled by a lower endogenous level of H 2 O 2 . For example, after imbibition for 48 h, the germination rate is 40% and around 12% for wildtype and OsRACK1A downregulated transgenic rice lines, respectively, whereas the relative endogenous level of H 2 O 2 is 1.14 and 0.78 for wildtype and OsRACK1A down-regulated transgenic rice lines, respectively (Figures 3, 5A ). These results imply that OsRACK1A may also control H 2 O 2 production of imbibed seeds, in spite that its molecular mechanism is still unknown. Pharmacological and molecular studies have shown that Rbohs genes and NADPH oxidase activity are potentially important to the germination process [21] . Treatment with diphenyleneiodonium (DPI), an inhibitor of Rbohs, blocked seed germination, suggesting that internal generation of ROS by Rbohs was needed for seed germination [53] . Seeds of the atrbohB mutant fail to after-ripen due to its blocked ROS production [53] . Our preliminary studies indicated that only three of nine Rbohs genes, i.e. Rboh2, Rboh5 and Rboh9, were expressed in imbibed rice seeds. Our results present here show that the transcript levels of these three Rbohs genes in imbibied seeds of OsRACK1A down-regulated transgenic rice lines are significantly lower than those of wildtype, whereas the highest transcript levels are detected in OsRACK1A up-regulated transgenic rice lines. These results are consistent with the results of internal H 2 O 2 levels ( Figure 5 ). Taken together, we suggest that the positive control of OsRACK1A on seed germination is, at least in part, through up-regulating Robhs gene expression, as the results, stimulating internal H 2 O 2 production.
There are many reports on the interaction of ROS with plant hormones in several physiological and molecular processes in plants. Involvement of ROS as second messengers in ABAmediated stomatal movement has been well documented [41] . Generally, ABA induces ROS production in the guard cells as well as in non-seed tissues under adverse conditions. However, in seed physiology, ABA reduces ROS production in germinating seeds (Figures 5B), [24] . On the other hand, exogenous H 2 O 2 treatment can mostly recover seed germination inhibited by ABA (Figure 4) . Taking it into consideration that a rapid decrease in endogenous ABA level and gradual increase in endogenous H 2 O 2 level occur during seed germination, it is understandable that there must be a fine mechanism maintaining a fine balance between ABA and H 2 O 2 levels for germination success. This topic is deserved to further investigation.
In summary, it is concluded that OsRACK1A positively regulates seed germination by controlling endogenous levels of ABA and ROS and their interaction. Under normal germination conditions, cytosol OsRACK1A moved towards plasma membrane and interacted with OsRAC1 to form a complex [34] . The formed complex then activated downstream OsRboh, and as a result, stimulated H 2 O 2 production and seed germination. When responding to external stimuli, which may induce ABA accumulation ( Figure S4) , [2] , excess ABA inhibited OsRACK1 expression and blocked the formation of OsRACK1A-OsRAC1 complex, and as a consequence, suppressed the expression of OsRbohs and the production of H 2 O 2 ( Figure 5 ). Excess H 2 O 2 in return suppressed OsRACK1 expression to avoid its hazardous effect ( Figure S5 ). In addition, H 2 O 2 may also stimulate ABA catabolism and alleviated the inhibitory effect on seed germination (Figure 9 ). Figure S1 Quantitative RT-PCR analysis of OsRACK1A and OsRACK1B expression in rice tissues. Total RNA isolated from root, stem, leaf, panicle, dry seed or seedling (2 weeks) was used as template for qRT-PCR. Relative expression levels were calculated and normalized with respect to OsActin7 
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